Whether estrogen replacement is beneficial to cognitive health is controversial. Some studies have shown that estrogen replacement therapy (ERT) relieves memory impairment associated with menopause in women, whereas others suggest that estrogen not only is incapable of providing a benefit, but actually can be detrimental. One possible explanation for this discrepancy in study findings could be the varying time after menopause at which ERT is initiated. It has been proposed that a critical period exists during which ERT must be administered to enhance cognitive function. This idea has yet to be tested directly using functional synaptic studies, however. Here we investigated whether prolonged hormone deprivation caused by ovariectomy (OVX) in young adult rats prevents the ability of estrogen replacement to increase synaptic function in the hippocampus to a degree necessary for estrogen-induced improvement in learning and memory. Remarkably, estrogen replacement was found to increase long-term potentiation, the current mediated by NR2B-containing NMDA receptors, and the dendritic spine density at CA3-CA1 synapses up to 15 months post-OVX. However, by 19 months post-OVX, the same estrogen replacement was unable to induce these changes. Importantly, this loss of estrogen's effectiveness was seen to be a consequence of the duration of deprivation. In female rats aged with their ovaries intact and examined at the same chronological age as the 19-month post-OVX group, estrogen replacement significantly increased synaptic function and spine density. These data clearly demonstrate that a critical period exists during which ERT must be administered, and that once this period passes, the beneficial effects are lost.
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aging | estradiol | long-term potentiation | NR2B | spines C ognitive function fluctuates across the menstrual cycle in women, with increased learning occurring when plasma estrogen levels are highest (1, 2) . As such, loss of endogenous estrogen production after menopause, a consequence of normal aging, has been correlated with cognitive deficits (3) . Treatment with estrogen replacement therapy (ERT) is not always successful in alleviating this hormone-related cognitive decline (4, 5) . This lack of benefit of ERT may be explained by the critical period hypothesis, which proposes that there is a critical period after reproductive senescence during which estrogen is capable of increasing hippocampal function to a sufficient degree to enhance memory processing. After this period, ERT might be ineffective and possibly even detrimental (6, 7) .
Hippocampal learning is increased during proestrus in cycling rats, and this effect can be mimicked in young adult ovariectomized (OVX) rats treated with the ovarian estrogen 17β-estradiol (E2) (8) (9) (10) (11) . Similar to women, rats that experience long-term ovarian hormone deprivation no longer benefit from E2's effects on enhancing hippocampal learning (12) (13) (14) (15) . The role of ovarian hormone senescence in the effectiveness of E2 replacement in enhancing learning is difficult to distinguish from normal aging processes, given that aging alone is known to lead to learning deficits in rats (16, 17) . However, recent studies suggest that the duration of ovarian hormone deprivation, not just chronological age, is a key factor in limiting the ability of E2 replacement to enhance learning (13, 14) . Unfortunately, the precise cellular mechanisms contributing to the loss of the beneficial effects of E2 replacement remain incompletely understood.
Long-term potentiation (LTP) is considered a cellular correlate of learning and memory (18) . Estrogenic conditions that enhance learning in rats, including proestrus and treatment of OVX rats with exogenous E2, enhance LTP and dendritic spine density in CA3-CA1 synapses (19) (20) (21) (22) (23) (24) . E2 also enhances the phosphorylation of NR2 NMDAR subunits (25) and selectively increases NMDAR current mediated by NR2B-containing receptors, which increases the NMDAR/AMPAR ratio and causes an increase in LTP magnitude (26, 27) . Previous studies of hippocampal function have correlated changes such as these to increased learning, likely because they underlie enhanced synaptic plasticity (28, 29) . There remains a lack of functional studies at the synaptic level investigating the impact of prolonged hormone loss on the E2-induced increase in hippocampal synaptic function.
Here we investigated whether long-term E2 deprivation blocks the beneficial effects of E2 replacement on hippocampal synaptic function and morphology. We hypothesize that there exists a point after prolonged ovarian E2 deprivation at which E2 replacement becomes ineffective at increasing synaptic function and spine density, and that chronological age at the time of replacement is not the major factor in determining E2's effectiveness. Identifying this critical period is a necessary step in understanding why some studies have not found a cognitive benefit from ERT (4, 5) . Clearly this issue is of clinical importance, because with increasing life expectancy, women will live a larger percentage of their lives negatively impacted by the loss of E2.
Results

E2-Induced Increase in LTP Magnitude Is Lost After Prolonged Hormone
Deprivation. We first tested the impact of prolonged hormone deprivation on the ability of E2 replacement to increase LTP magnitude. Surprisingly, in rats 9 and 15 mo post-OVX, E2 replacement was able to induce a significant increase in the magnitude of LTP [at 9 mo post-OVX, t(8) = 2.82, P < 0.05; at 15 mo post-OVX, t(7) = 2.36, P < 0.05] (Fig. 1 A and B) . However, by 19 mo post-OVX, the magnitude of LTP in slices from E2-treated rats no longer differed from that seen in vehicle-treated controls [t(11)= −0.15, P = 0.44] (Fig. 1C) . The ability of the same E2 replacement regimen to increase the LTP magnitude at 9 and 15 We previously reported that in young adult OVX rats, the increase in LTP magnitude occurs only when transmission mediated by NR2B-containing NMDARs, the NMDAR/AMPAR ratio, and spine density are increased simultaneously (23, 26) . Thus, the effects of prolonged E2 deprivation on the LTP magnitude in E2-treated animals predicts that NR2B transmission, NMDAR/AMPAR ratio, and spine density will be increased at 15 mo, but not at 19 mo, post-OVX. As expected, at 15 mo post-OVX, E2 significantly increased the fraction of current mediated by NR2B-containing NMDARs [t(10) = 1.91, P < 0.05] (Fig. 2B) , and this increase in NR2B current was responsible for significantly increasing the NMDAR/AMPAR ratio [F(3,20) = 12.83, P < 0.005] (Fig. 2C) . Along with the increase in synaptic function, spine density also was significantly increased in the E2-treated 15-mo post-OVX animals [t(8) = 3.62, P < 0.005] (Fig. 2 D and E) . These results mimic our previous findings in young adult OVX rats treated with this same E2 regimen at 2 wk post-OVX (23, 26) .
However, by 19 mo post-OVX, the current mediated by NR2B-containing receptors was not increased significantly [t(18) = 1.08, P = 0.15] (Fig. 3B) . Accordingly, the NMDAR/AMPAR ratio was not increased, nor was an increase in spine density seen [NMDAR/AMPAR: F(3,34) = 2.64, P = 0.07; spines: t(14) = 2.15, P = 0.41] (Fig. 3 C- 
E).
E2-Induced Increases in LTP, NR2B Current, NMDAR/AMPAR Ratio, and Spine Density Still Occur in Female Rats Aged with Intact Ovaries. The lack of E2 benefit in the 19-mo post-OVX group could simply be a consequence of the animals' chronological age, which makes them unresponsive to E2 using the replacement protocol that enhances synaptic function and spine density in younger rats. In an attempt to distinguish between hormone deprivation and age, we measured the LTP magnitude in animals of the same chronological age as the 19-mo post-OVX group (21 mo old at time of experimentation). Ovaries were left intact until 20 mo of age; E2 was replaced 1 mo later, administered as in the other groups (Fig. S1) . Remarkably, the LTP magnitude was significantly increased in the E2-treated group compared with the vehicle-treated group [t(10) = 1.81, P < 0.05] (Fig. 4A ). As could be predicted from the enhancing effect on LTP, E2 increased the current mediated by NR2B-containing NMDARs [t(15) = 2.83, P < 0.01] (Fig. 4C) , the NMDAR/AMPAR ratio [F(3,28) = 12.51, P < 0.00005] (Fig. 4D) , and dendritic spine density [t(13) = 2.15, P < 0.05] (Fig. 4 E and F) . Collectively, these findings strongly suggest that the period of hormone deprivation, rather than chronological age, is primarily responsible for the loss of effectiveness of E2 replacement in enhancing hippocampal synaptic function and spine density.
Discussion
This report investigates the impact of prolonged E2 deprivation on the ability of E2 replacement to enhance hippocampal synaptic transmission and plasticity. Our findings clearly support the critical period hypothesis, because E2 replacement in female rats up to 15 months, but not 19 months, post-OVX remains able to increase synaptic function and spine density, mimicking the effects of E2 in young adult OVX rats after a 2-wk deprivation (23, 26) . The preserved beneficial effects of E2 replacement in 21-mo-old rats (of the same chronological age as the 19-mo post-OVX group) measured at 1 mo post-OVX strongly indicates that the period of E2 deprivation, rather than chronological age, is the limiting factor in determining whether E2 replacement remains beneficial for hippocampal function.
In concert with our synaptic physiological studies reported here, behavioral studies have found that E2 replacement can be beneficial to hippocampal-dependent learning in aged OVX rats when administered within a critical time frame, after which the replacement is no longer effective (12) (13) (14) (15) 30) . Of particular relevance to the present study is a recent report showing that E2 replacement administered at ≥19 mo post-OVX no longer enhances delayed matching to position acquisition (13) , which is in direct agreement with our finding that E2 no longer enhanced LTP in the 19-mo post-OVX group. Also consistent with our findings from the aged ovary-intact group, in which E2 replacement increased the LTP magnitude, E2 replacement remained effective in enhancing hippocampal-dependent learning in aged animals with a short-term (3 mo) E2 deprivation (12) . We speculate that because aged rats enter a state of constant estrus or diestrus (31) , in contrast to what occurs in women during menopause, the release of ovarian E2 throughout the rat's lifespan likely protects hippocampal function. Collectively, results from previous animal behavioral studies and our synaptic physiology studies demonstrate that a critical window exists during which E2 replacement is beneficial for hippocampal function. However, the duration of the window is variable and depends on the chronological age at the time of OVX as well as the duration of hormone deprivation (32) (33) (34) . Thus, precisely defining the duration of the critical period will require investigations that simultaneously combine measures of synaptic physiology, morphology, and behavior within the same cohort of ovariectomized animals at various chronological ages and durations of hormone deprivation. These studies will be particularly important to more accurately define the critical window in women, who experience a rapid loss of circulating E2 after menopause, whereas aged rats experience estrus or diestrus levels of circulating E2 after reproductive senescence, which might lengthen this window.
In intact cycling rats, LTP at CA3-CA1 synapses and phosphorylation of NMDAR NR2 subunits are increased at proestrus, which is also when hippocampal learning is enhanced, linking the increase in synaptic function with learning (11, 19-21, 23, 35) . We speculate that the increase in NR2B current and NMDAR/ AMPAR ratio that we observed in E2-treated OVX rats is directly linked to heightened hippocampal-dependent learning and memory, because the LTP magnitude is increased only when NR2B current and the NMDAR/AMPAR ratio are increased (26) . This idea is directly supported by the findings of increased NMDAR transmission and LTP at CA3-CA1 synapses and heightened hippocampal learning in NR2B-overexpressing transgenic mice (28) . Thus, we propose that the inability of E2 replacement to increase NR2B current, the NMDAR/AMPAR ratio, and LTP provides a mechanistic explanation for the loss of a cognitive benefit of E2 after prolonged ovarian E2 depletion. Our results suggest that the duration of E2 deprivation in the 19 mo post-OVX group is responsible for the lack of increase in the LTP magnitude in E2-treated animals. Alternatively, an increase in NR2B current in the 19 mo post-OVX vehicle-treated animals compared with vehicle-treated animals in other groups might have a ceiling effect on the LTP magnitude, preventing a further increase in E2-treated animals. However, in our studies in young adult OVX rats, the increase in LTP magnitude was found to occur only when spine density, the NMDAR/AMPAR ratio, and transmission mediated by NR2B-containing NMDARs were increased simultaneously (23, 26) . This coincident increase in spine density, NMDAR/AMPAR ratio, and NR2B transmission is consistent with the hypothesis that E2 increases the density of silent synapses, which likely contributes to the increase in LTP (36) . Therefore, because there was only an increase in NR2B current in vehicle-treated 19-mo post-OVX animals, with no simultaneous increase in spine density or NMDAR/AMPAR ratio, the lack of an increase in LTP magnitude is not likely due to a ceiling effect.
Remarkably, E2 replacement remains able to increase the current mediated by NR2B-containing receptors, the NMDAR/ AMPAR ratio, and dendritic spine density in rats aged with their ovaries intact. This increase in NR2B current is consistent with results from 23-to 24-mo-old rats, in which E2 was found to stimulate lateral movement of NR2B-containing NMDARs into the synapse (38) . A recent study by Snyder et al. (27) confirms our original finding that E2 increases synaptic NR2B-mediated current, and because these authors did not find an increase in NR2B expression, they suggested that the increase in current was due to lateral movement of NR2B-containing receptors into the synapse. However, in contrast to our findings and those of Snyder et al. (27) , Adams et al. (38) reported no increase in NR2B-containing receptors in synapses of young animals treated with E2. Other studies have found no increase in axospinous synapse or dendritic spine densities in E2-treated aged animals (39, 40) . The reasons for these discrepancies are not clear, but may be related to the sensitivity of measuring NR2B-containing receptors using anatomical versus physiological approaches, the amount of enrichment experienced by the animals through exposure to behavioral tasks, and the methodological differences in measuring spine density. Importantly, our data from the present study agree with our previously reported data strongly linking the E2-induced increase in LTP magnitude with increases in NR2B current, NMDAR/AMPAR ratio, and dendritic spine density (23) .
The inability of E2 to increase synaptic plasticity and spine density reported here and hippocampal learning reported by others after prolonged E2 deprivation might be explained by decreased hippocampal cholinergic function. Cholinergic innervation is required for the E2-induced increase in NMDAR binding (41) , and an extensive literature has documented a key role of cholinergic innervation in mediating the beneficial effects of E2 on spatial learning (see ref. 42 for a review). OVX leads to a significant decrease in ChAT mRNA in basal forebrain cholinergic neurons and acetylcholine release in the hippocampus (43, 44) beyond that of normal aging (45) (46) (47) . Thus, a threshold may exist at which cholinergic function is so severely depleted that E2's effects on synaptic function and learning cannot be elicited. In support of this idea, a recent elegant study (13) showed that pharmacological inhibition of acetylcholinesterase in vivo rescued the ability of E2 to enhance cognitive function in aged rats 19 to 24 mo post-OVX. Because E2 is neuroprotective for cholinergic neurons (46) (47) (48) , the normal decline of endogenous E2 production, as occurs during menopause, puts cholinergic neurons at greater risk of degeneration. Accordingly, a declining E2 level in postmenopausal women is linked to an increased risk of Alzheimer's disease, and E2 replacement decreases this risk (46, 49) . Thus, the critical period of E2's effectiveness will likely depend on the integrity of the cholinergic system.
In addition to acetylcholine, BDNF may mediate the effects of E2 in the hippocampus (50) , given that blockage of TrkB receptors prevents an E2-induced increase in spine density (51) and that BDNF increases NMDAR current (52) and learning (53) . Because BDNF expression is highest at proestrus (54), the decrease in endogenous E2 with aging will lead to decreased BDNF expression and contribute to the loss of E2's beneficial effects. Additional related factors include the impact of ovarian E2 depletion on local estrogen synthesis in hippocampus, which was recently shown to be critical for hippocampal function (54) .
The present study has yielded invaluable information regarding the effectiveness of E2 replacement on hippocampal synaptic function, which is directly determined by the duration of time after ovarian hormone deprivation, not by chronological age at the time of E2 replacement. This work is crucial because these functional changes at the level of the synapse are likely the cause of the E2-induced learning enhancement. Further studies uncovering the mechanisms by which E2 enhances synaptic plasticity, synaptic morphology, and learning in the context of long-term ovarian deprivation will provide information on the effective use of ERT in postmenopausal women.
Methods
Please refer to SI Methods for more detailed information.
Animals. All experimental procedures were approved by the University of Alabama at Birmingham's Institutional Animal Care and Use Committee and performed in accordance with National Institutes of Health experimental guidelines. Four groups of female Sprague-Dawley rats were used (Fig. S1) . Three groups underwent OVX at 2 mo of age and were housed for 9, 15, or 19 mo post-OVX before experimentation. The fourth group was aged with ovaries intact to age 20 mo before undergoing OVX. Before OVX, the aged ovary-intact animals were cycled for 5 d using saline vaginal lavage. E2 Replacement. OVX rats received two daily s.c. injections of either E2 (10 μg/ 250 g in cottonseed oil) or oil vehicle alone and were killed for experiments 24 h after the final injection, as done previously (23, 26) . Although plasma E2 levels were not measured here, this injection protocol, adopted from Woolley and McEwen (55) , is known to yield approximate proestrus plasma levels (80-120 pg/mL). Animals in the aged intact group were cycled 5 days prior to ovariectomy to determine animal's estrogenic phases (Tables S1 and S2 ).
Electrophysiology. Hippocampal slices (400 μm) were prepared and extracellular dendritic field potential and whole-cell patch clamp recordings were performed as described previously (23, 26) .
Histology. Biocytin-filled cells were processed and imaged for dendritic spine density as done previously (23, 26) .
Statistics. All statistical analyses were performed blind to animal treatment. Comparisons were made between E2-treated and vehicle-treated groups for LTP, NR2B fraction, and dendritic spine density at a single post-OVX interval using the unpaired Student t test. Comparisons between NMDAR/AMPAR ratio with and without NR2B currents in a single dataset were analyzed using one-way ANOVA with the Bonferroni post hoc test. Significance was set at P < 0.05. N represents number of animals unless specified otherwise. 
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